ABSTRACT The interlayer space of the layered materials is not always the electrochemical active area for contributing to the pseudocapacitive process. 
INTRODUCTION
To meet ever-growing demand for electrochemical energy storage, there is an urgent need in finding out a new electrochemical energy storage device as the secondary battery often suffers from low power density and poor cycle life [1, 2] . Electrochemical capacitors (ECs), as a new storage device can provide fast charge/discharge rate, high stability and high power density, which are widely considered as a potential substitute for secondary battery in some areas and have been attracting increasing attention in recent years [3] [4] [5] . Among different types of ECs, pseudocapacitive transition metal-based oxides or hydroxides own a higher specific capacitance than carbonbased electric double-layer capacitors and a better stability than organic conducting polymer-based capacitors [6] . From a fundamental point of view, electrochemical energy storage of pseudocapacitive transition metal-based oxides or hydroxides is based mainly on the fast reversible multi-electron redox Faradaic reactions taking place on the surface of materials [1] . Thus, increasing the surface area of materials is essential for further improving their electrochemical performance. The ordered mesoporous structures with an ultrahigh surface area and the layered crystalline structures with an interlayer gap intercalated by ions can significantly enhance the accessible specific surface area [7, 8] . However, ordered mesoporous structures have been considerably difficult to realize due to the using of hard or soft templates. And the layered crystalline structures with intercalation of ions only often occur in Li + and a high-voltage nonaqueous electrolyte system [7] . In the alkaline and acid aqueous electrolyte system, the electrolyte ion is difficult to insert into an interlayer gap of layered materials because its space is usually less than one nanometer [9] . Much effort has been devoted to stripping the layered structured materials for improving pseudocapacitive performance [10] .
Apart from the hard stripping work of layered structured materials, one effective approach has recently been reported to enhance the alkali metal ion batteries capacity and to enlarge the interlayer distance, which can relax the strain and lower the barrier for metal ion intercalation and diffusion [11] . Table S1 summarizes some of the results of the layered materials with tunable interlayer distance as an electrochemical energy storage materials. Therefore, the interlayer expansion is also a useful strategy to enhance the specific capacitance and rate performance of the layered materials.
Metallic layered double hydroxides (LDHs) as a typical layered material in the class of 2D hydrotalcite-like structure anionic clays, including CoAl-LDH [12] , NiAl-LDH [13] NiMn-LDH [14] and CoNi-LDH [15, 16] and so on, which interlayer space can be easily adjusted by intercalation of other molecules.
In this work, we use the CoAl-LDH as the model material to investigate the effect of CoAl-LDH with different interlayer distance on electrochemical performance. 
EXPERIMENTAL SECTION

Synthesis of CoAl-LDHs
CoAl(DS -)-LDHs: in a typical synthesis, 1 mmol of Co (NO 3 ) 2 ·6H 2 O, 0.5 mmol AlCl 3 ·6H 2 O, 5 mmol hexamethylenetetramine (HMTA) and 4 mmol sodium dodecyl sulfate (SDS) were dissolved into 40 mL of deionized water in a three-neck flask of 1000 mL with a magnetic stirring under bubbling nitrogen to minimize dissolved carbonate. After 5h, the above solution was then transferred to a 50 mL Teflon-lined autoclave and heated for 10 h at 100°C. After the autoclave was cooled down to room temperature, the precipitates were collected by washed and dried at 60°C.
CoAl(SO 4 2-)-LDHs were prepared by replacing the SDS with Na 2 SO 4 while keeping an other reaction parameters unchanged.
CoAl(CO 3 2-)-LDHs were prepared by a method similar to the above, but without adding SDS or Na 2 SO 4 .
Characterizations
The products were characterized using X-ray diffraction (XRD, Bruker AXS D8 Advance), transmission electron microscopy (TEM, JEM-2100), Fourier transform infrared spectra (FT-IR, Nicolet 380) and X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi). Thermogravimetry analysis (TGA) was performed on a thermal analyzer (SDTQ600) under nitrogen at a heating rate of 5°C min -1 . The BET surface was measured using an apparatus (Bel Japan Inc).
Electrochemical measurements
To fabricate electrode, a mixture consisting of active materials (80 wt.%), conductive materials (acetylene black, ATB, 10 wt.%) and binder (polytetrafluoroethylene, PTFE, 10 wt.%), which was coated onto a porous nickel foam sheet, and then dried at 80°C for 12 h. The electrochemical measurements of individual electrodes were carried out in 2 mol L -1 KOH in a three-electrode system, in which active materials, a platinum foil and an Ag/AgCl electrode were used as working, counter and reference electrodes, respectively. The ASCs have a two-electrode system which is composed of CoAl-LDHs as the positive electrode and AC as the negative electrode. In ASC system, the mass balanced electrodes are based on the principle of the charges stored at positive electrode and negative electrode is equivalent (see the Supplementary information for the detail method) [17, 18] . Electrochemical measurements of cyclic voltammogram (CV) and electrochemical impedance spectroscopy (EIS) were conducted using a CHI 660E electrochemical workstation. Galvanostatic charge-discharge cycle tests were performed on a CT2001A LAND test system.
The specific capacitance, energy density, and power density of the supercapacitors can be investigated from the charge/discharge test as well as in the following equation [19] :
where C m is the specific capacitance of the supercapacitor (F g -1 ), I m is the specific current of the charge-discharge (A g -1 ), ∫Udt is the integral current area; U is the potential (V) with initial and final values of U i and U f , respectively; P is the power density (W kg
); E is the energy density (W h kg ); and t is the discharge time (s). In the ASC, m is the total mass of active materials. 2-)-LDH revealed a typical layered LDH structure and had a certain degree of similarities with those reported previously [20] . Since our synthetic LDH with a Co/Al = 2, all the main peaks of the CoAl(CO 3 2-)-LDH sample are well corresponding to hexagonal phase Mg 4 Al 2 (OH) 12 CO 3 ·3H 2 O (JCPDS 51-1525, a typical layered structure of LDH with hexagonal stacking) and the calculated (d 003 ) basal spacing of 0.76 nm demonstrate that the interlayer anions should be CO 3 2-and water molecules [21] . The XRD patterns of CoAl(DS -)-LDH and CoAl(SO 4 2-)-LDH show the main peak of (003) moving from 2θ of 11.2°, 10.1°to 2.1°, which is corresponding to the basal spacing increasing from 2θ of 0.76 nm, 0.87 nm to 2.58 nm, respectively. The significant increasing of LDH interlamellar distance was caused mainly by the intercalation of SO 4 2-and DS -molecule into the interlayer spaces. In addition, the longchain DS -molecules likely form a perpendicular monolayer in the LDH interlamellar spaces [22, 23] . The corresponding schematic diagrams of CoAl(CO 3 2-)-LDH, CoAl(SO 4 2-)-LDH and CoAl(DS -)-LDH were presented in Fig. 1g .
RESULTS AND DISCUSSION
FT-IR analysis was used to confirm the existence of different interlayer anions, as shown in Fig. 1b . The peaks centered at 1629 cm -1 correspond to the bending vibra- )-LDH can be identified by the full survey scanned XPS spectra, as shown in Fig. S1a-c. Fig. 1c reveals the Al 2p spectra of CoAl(DS -)-LDH with a peak at a binding energy of 74.9 eV, the result related to the Al 3+ species in the form of Al-OH [25] . The Co 2p spectra (Fig. 1d , CoAl(DS -)-LDH) exhibited two main peaks at 781.7 eV and 797.7 eV with a spin-orbit splitting of 16 eV, corresponding to Co 2p 2/3 and Co 2p 1/2 , respectively [26] . Depending on the full-spectra (Fig. S1a-c 2-)-LDH possess the similar composition structure. From the S 2p spectra (Fig. 1e) , the apparent peaks are observed at around 168.9 eV, which can be assigned to -SO 4 2-, confirming the presence of DS -and SO 4 2-in the CoAl(DS -)-LDH and CoAl(SO 4 2-)-LDH, respectively [27] . CO 3 2-ions usually have the stronger Coulombic attraction with the LDH layer than other ions [28] . For comparison, all the three C 1s spectra of the CoAl(CO 3 2-)-LDH, CoAl(SO 4 2-)-LDH and CoAl(DS -)-LDH were shown in Fig. 1f . Except that the same main peak of 284.77 eV of the three materials is corresponding to adventitious carbon, the another main peak of CoAl(CO 3 2-)-LDH at 288.90 eV can be attributed to carbonate ions [29] . This result also demonstrated that there was no CO 3 2-in the CoAl(SO 4 2-)-LDH and CoAl(DS -)-LDHs. Fig. 2a, c, e . From the edge folds of the sheets, HRTEM images of Fig. 2b, d , f demonstrated the lattice spacing of (003) of CoAl(CO 3 2-)-LDHs increasing from 0.76, 0.87 to 2.58 nm after intercalation of SO 4 2-and DS -molecules into the interlayer spaces, which are in good agreement with the above XRD, FT-IR and XPS results. tributed to the release of surface water. The second weight loss (11.6 wt.%) for CoAl(CO 3 2-)-LDH and (11.9 wt.%) for CoAl(SO 4 2-)-LDH respectively occurred temperature range of 230-320°C and 230-420°C, which is corresponding to removal of water intercalated in the interlayer galleries and the partial dehydroxylation of the LDH sheets. The third weight loss (8.7 wt.%) for CoAl(CO 3 2-)-LDH and (12.1 wt.%) for CoAl(SO 4 2-)-LDH occurred at the next high temperature range can be attributed to the dehydroxylation of the layers as well as removal of volatile species (CO 2 ) and SO 2 arising from the interlayer carbonate anions [30] . As for the CoAl(DS -)-LDH, the percentage of weight loss is different from the CoAl (CO 3 2-)-LDH and CoAl(SO 4 2-)-LDH. Undoubtedly, the first weight loss (9.5 wt.%) below 160°C originated from a removal of water physically adsorbed on the external surface. The second and the main degradation step, occurred at the temperature between 180 and 500°C, result from the removal of gallery water, dehydroxylation of the LDH sheets, as well as the partial decomposition of the intercalated DS -organic long-chain molecules. The last weight loss (13.5 wt.%) above 500°C mainly corresponds to further decomposition of the intercalated DS -longchain molecules.
Electrochemical properties of synthetic LDH samples were first evaluated by CV, galvanostatic charge-discharge and EIS measurements using three-electrode system. Fig. 4a 
It can also be clearly seen that the order of area sur- . . . . . . . . . . . . . . . . . . . . . . . . . . . (Fig. 4b) reveal a voltage plateau in the charge-discharge process, which is in agreement with the CV curves and the previous reports in the literature [8, 15] . Additionally, significantly extended charge-discharge time of CoAl(DS -)-LDH electrode indicated its improved charge storage capacity. Fig. 4c gives the plot of specific capacitance of CoAl(CO Fig. S2 ) and the fitted parameters (Table S2 ) are in good agreement with the discussion above.
To evaluate the ASC performance of the CoAl(CO 3 2-)-LDH, CoAl(SO 4 2-)-LDH and CoAl(DS -)-LDH as the positive electrode material in real cell, we select the activated carbon with an excellent electric double-layer capacitance property at -1.0 to 0.0 V as the negative electrode material (see Fig. S3 ). Fig. 5a shows typical CV curves for the CoAl(DS Cycling stability of ASC also is the critical issue for its practical application, and the cycle charge-discharge testing was employed to examine the cycle stability. Fig.  5d shows a long-term cycling performance of the CoAl (CO 3 2-)-LDH||AC cell retaining more than 87% of initial capacitance after 5000 charge-discharge cycles at a current density of 20 A g -1 , which is significantly better than the retention of 49% for CoAl(SO 4 2-)-LDH||AC and 61% for CoAl(CO 3 2-)-LDH||AC cell. The energy and power densities of ASCs devices have been further evaluated. As showed in Fig. 6 (Fig. S4) . The larger interlayer spacing of CoAl (DS -)-LDH, with an interlayer distance of 2.58 nm, will facilitate more electrolyte ions into the inner space of LDH, which leads to a higher electrochemical activity because of the pseudocapacitance originating from a fast and reversible Faradaic reaction between electrolyte and active electrode material. Thus, it is believed that the . . . . . . . . . . . . . . . . . . . . . . . . . . . 
